The no-insulation winding technique is a promising way of enhancing the thermal stability of NbTi superconducting coils. However, it takes a long time to charge a no-insulation superconducting coil, because the time constant is relatively large. Hence, a partialinsulation winding technique was also proposed to reduce the time constant with a high thermal stability. However, the time constant of the previously proposed partial-insulation NbTi superconducting coil could not drastically be improved, and the cause was investigated using a partial-element equivalent circuit model. Therefore, in this paper, we propose a new partial-insulation structure, and the effectiveness is verified using a partial element equivalent circuit model. The results show that a relatively small time constant is achieved when charging and discharging the proposed partial-insulation NbTi superconducting coil.
Introduction
In recent years, the no-insulation (NI) technique of superconducting coil winding has been considered an effective technique. It was reported that an NI NbTi superconducting coil could improve the dynamic thermal stability compared with a conventional superconducting coil wound with an insulated wire [1] . The transport current of an NI NbTi coil can bypass and flow into the adjacent wires to prevent the coil from quenching. However, it was also reported that one problem of an NI NbTi superconducting coil was the large charging time constant; that is, it takes a long time to reach a maximum magnetic field in a charging process, as the transport current can directly flow the adjacent wires during charging. To solve this problem, a partial-insulation (PI) winding technique was proposed in [2] . The PI winding technique could decrease the bypassing current by turn-to-turn partial insulation. However, the previously proposed PI structure could not drastically improve the time constant.
Based on the background, in this paper, we propose a more effective PI structure of a NbTi superconducting coil to decrease the time constant and confirm its validity based on a partial-element equivalent circuit (PEEC) simulation [3] , [4] . Moreover, by comparing the simulation results of a PI with an NI coil, the effectiveness of the proposed PI structure is established. Table 1 and Fig. 1(a) respectively show the major parameters and schematic view of an NI coil wound with a bare NbTi wire as a simulation model. The specifications of the NI NbTi coil are referred to [2] , where the electromagnetic behavior in simulation has been already reported. The wire consists of NbTi filaments and copper stabilizer without insulation. The schematic cross-sectional view is shown in Fig. 1(b) . 
Simulation Approach

Simulation model
Simulation method
A simulation in this paper is carried out by the PEEC method [3] , [4] . In the PEEC method, the PI/NI winding is azimuthally divided into many wire elements, and they are represented as an equivalent circuit composed by the self and mutual inductances and the resistance of the copper stabilizer. The contact between the adjacent wires in the PI/NI coil is represented by a contact resistance [1] . Fig. 2 shows the schematic view of the PEEC model including the divided PI/NI wire elements and the contact resistances in the PI/NI coil. The inductive voltage V Li of the ith element and the contact resistance R ct of jth element are given by:
where
, and I ct are the inductance voltage, the self/mutual inductance, the number of partial elements, the current of the inductance, the voltage across contact resistance, and the current across contact resistance, respectively. Using (1), Kirchhoff's equations are derived, as follows:
and .
In the PEEC method, (2) is solved using the backward difference method. In this paper, the contact resistance R ctj is given by R ctj = ρ ct / l ctj , where l ctj is the length of contact surface. The contact resistivity ρ ct is assumed to be 0.013 Ωm, that is given in [3] . 
Proposed PI Coil
Review of NI coil
The drawback of an NI coil is a large time constant, whereas the advantage is high thermal stability [1] . A simple electrical circuit, as shown in Fig. 3 , was used for simulating the electrical behavior in [1] . The time constant τ is represented by L coil / R ct . The low constant resistance of an NI coil produces the large time constant.
As the PEEC simulation result of a charging test up to 32 A (64 mT), Fig. 4(a) shows the bypass current distribution on the cross section of an NI coil at 800 s with a ramping rate of 0.05 A/s [3] . As shown in Fig. 4(a) , a large amount of bypass current to the next layer is observed in the top and bottom of the NI coil. The large bypass current results in the small contact resistance and causes the large time constant. 
Proposed effective PI coil
The high bypass current increases the time constant of NI coil for charging and discharging. To reduce the time constant, a partial insulation technique has been proposed in [2] and [5] . The previously proposed PI structure has insulation along the entire length of a given layer internal to the winding. However, the resulting time constant was not drastically improved.
Based on this background, we are proposing a new PI structure. It has insulations of approximately one-fourth length (3 mm) on the top every odd layer and also on the bottom of every even layer, as shown in Fig. 5 . The insulation is placed on the large-current bypath in the case of NI coil, as shown in Fig. 4 (a) . The effective protection of the current path increases the contact resistance and the time constant. The high thermal stability is maintained on this winding without insulation. 
Comparison between PI and NI coil
The effectiveness of the proposed PI coil is verified by comparing the simulation results of a sudden discharge test of a PI and an NI coil, from 30 to 0 A. Next, the center magnetic field of the charging test of these coils is shown in Fig. 7 , where the current increases up to 32 A with a ramping rate of 0.05 A/s. It takes approximately 800 s and 1300 s to reach the maximum center magnetic field in the cases of the PI and NI coil, respectively. The charging time of the proposed PI coil decreases approximately 38%, compared with the NI coil. Fig. 8 shows the bypass current and azimuthal transport current distribution in the cross section of the proposed PI coil at 800 s. The effective partial insulation at the top and bottom of the coil prevents the bypass current from flowing to the adjacent turns during charging, as shown in Fig. 8(a) . As shown in Fig. 4(b) , the azimuthal current in the case of the NI coil is not uniform because of the large bypass current. On the other hand, the partial insulation prevents the bypass current and results in the uniform azimuthal current, shown in Fig. 8(b) .
The proposed effective PI technique is useful in decreasing the time constant. In the near future, we will confirm the validity of the effective PI technique in experiments. 
Conclusion
The NI NbTi superconducting coil and the previously proposed PI NbTi superconducting coil have a problem in that it takes a long time to reach a peak magnetic field in a charging process. This long time constant is caused by the small contact resistance, although these coils have high thermal stability. To solve the problem, we propose a new PI structure for a NbTi superconducting coil, that has partial insulation for cutting the large-bypass-current pass. We verify that the proposed PI coil can effectively decrease the time constant, compared with the NI coil, by the partial-element equivalent circuit simulation. The charging time of the proposed PI coil is shortened by approximately 38%.
In the future, we will investigate the features of the proposed PI coil by experiment. Moreover, the detailed thermal and electromagnetic behavior needs to be investigated by the PEEC method coupling with a thermal simulation. (b) (a)
